The objective of this study was to investigate the differences in protein modifications between pale, soft, and exudative (PSE) and red, firm, and nonexudative (RFN) pork during postmortem (PM) aging. Longissimus dorsi (LD) including 8 PSE and 8 RFN muscles were individually removed from 16 carcasses. These 16 LD muscles were vacuum packaged at 24 h after slaughter and stored at 4°C for 1, 3, and 5 d. The centrifugation loss, drip loss, color, protein solubility, protein oxidation, protein degradation including desmin, troponin T, and integrin, and μ-calpain activation were determined. The pH of PSE samples was significantly lower than that of RFN samples at both 1 and 24 h PM (P < 0.05). The L* values of PSE pork were significantly greater than that of RFN pork at different time point during PM storage (P < 0.01). The centrifugation loss of PSE samples at d 1 was extremely greater than samples from RFN pork (P < 0.01). The cumulative drip loss for d 0 to 1, d 0 to 3, and d 0 to 5 in PSE pork were significantly greater than that from RFN pork (P < 0.05). The carbonyl content of myofibrillar proteins was not significantly different between PSE and RFN pork samples (P > 0.05). In addition, PSE pork presented a lower solubility of sarcoplasmic protein, myofibrillar protein, and total protein than RFN pork except the solubility of myofibrillar protein at d 1 (P < 0.05). The intensity of intact desmin and troponin T 2 in PSE pork at d 3 and 5 were significantly greater than that in RFN pork (P < 0.05), whereas no significant difference was detected at d 1. The intensity of intact troponin T 1 in PSE pork at d 5 was greater than that in RFN pork (P < 0.05). However, more degradation products of integrin were detected in PSE pork compared to that of RFN pork at d 1 (P < 0.05). Red, firm, and nonexudative pork presented lower intensity of intact 80 kDa calpain and greater intensity of autolyzed 76 kDa product compared to PSE pork (P < 0.01). The results indicate that the degree of μ-calpain activation, the extent of protein degradation including desmin and integrin, and the level of protein solubility in PSE pork could contribute to its low water holding capacity during PM storage.
INTRODUCTION
Low water holding capacity (WHC), which can negatively affect meat quality and lead to reduced profits, has been a major problem for pork industry. Many factors can contribute to the variation of WHC of pork including genotype, transportation condition, stunning method, chilling rate, and postmortem (PM) aging (Trout, 1988; Guàrdia et al., 2004; Barbut et al., 2008) . Under extreme situations, decreased WHC can lead to the occurrence of pale, soft, and exudative (PSE) pork (Barbut et al., 2008) . The high drip loss in PSE pork is believed mainly to be caused by the denaturation of muscle proteins resulting from the rapid pH decline under higher than normal prerigor temperature and low ultimate pH (Bee et al., 2007; Scheffler and Gerrard, 2007) .
Recently, several studies have shown that the degradation of key cytoskeletal proteins and protein oxidation can be involved in the regulation of drip loss during PM aging (Melody et al., 2004; Zhang et al., 2006 Zhang et al., , 2011 . Zhang et al. (2006) reported that the intensity of intact desmin at d 7 was positively correlated with d 1 and d 1 to 5 drip loss and d 1 to 7 purge loss. However, high levels of intact integrin at d 1 PM were negatively correlated with d 1 and d 1 to 5 drip loss. Calpains, especially μ-calpain, are believed to be closely related to the degradation of cytoskeletal proteins in PM muscle (Huff-Lonergan et al., 1996; Maddock et al., 2005) . Low pH can decline calpain activations, which may negatively affect the degradation of cytoskeletal proteins (Maddock et al., 2005; Carlin et al., 2006) . However, few studies have focused on the patterns of protein degradation, calpain activation, and the difference of protein oxidation in PSE pork during PM aging. Hence, the objective of current study was to determine the difference in the modifications of pork proteins in PSE and red, firm, and nonexudative (RFN) pork.
MATERIALS AND METHODS
All animal procedures were reviewed and approved by the Animal Care and Use Committee at the Chinese Academy of Agricultural Sciences.
Animals and Meat Samples
A total of 120 castrated Erhualian × Landrace × Yorkshire crossbred pigs weighing between 100 and 120 kg live weight were slaughtered with humane practices in Jiangsu Sushi Food Group (Huaian, China). One hour after pigs were slaughtered, 40 longissimus dorsi (LD) muscles (from 12th to the last rib) were removed from 40 pigs, respectively, based on objective judgment of color, texture, and water exudation for possible PSE and RFN muscles. The pH values of these LD muscles were measured immediately. Within each meat type (PSE and RFN), 8 LD muscles were chosen randomly as 8 replications according to pH values, which were measured at 1 h PM (PSE: pH < 6.0; RFN: pH > 6.0; Warner et al., 1997) . Then, the LD muscles were put into a 4°C refrigeration house immediately (Teledoor GmbH, Meller, Germany; air velocity: 1 m/s) to be precooled through air cooling. At 24 h PM, drip loss was determined in triplicate for each LD muscle with size of 1 by 2 by 2 cm 3 and the remaining LD muscles were vacuum packaged individually. The packaged muscles were stored at 4°C for 1, 3, and 5 d. At each storage time, 3 similarly sized pork pieces were removed from each LD muscle for triplicate measures of centrifugation loss, protein solubility, and protein oxidation. Another piece of pork was removed from each LD muscle for determination of protein degradation.
pH
The pH of the LD muscles was measured at 1 and 24 h PM using an HI9025 portable pH meter (Hanna Co., Padova, Italy). Four measurements from different areas at the last rib of each LD muscle were obtained to determine an average value.
Color
The surface color of LD muscles at 1 and 24 h PM and d 1, 3, and 5 of storage was measured using a CR-400 portable colorimeter (Konica Minolta, Inc., Tokyo, Japan) with an 8 mm diameter measuring area, a D65 illuminant, a 2° observer, and a data processor (DP-400). The instrument was calibrated on CIE color space system with a white tile (D 65 : Y = 94.0, x = 0.3156, and y = 0.3321). Five measurements from different areas on the surface of each LD muscle were obtained to determine an average value. The values were expressed as L* values, which represents lightness.
Water Holding Capacity
Three small pieces were removed from each LD muscle at 24 h PM. These samples were cut into 1 by 2 by 2 cm 3 pieces and weighed. Then, they were hung in paper cups for 1, 3, and 5 d at 4°C. At each storage time, all samples were weighed again. The percentage of weight loss that was determined by the initial weight at 24 h and the later weight at each storage time was recorded as a cumulative drip loss. Drip loss was determined in triplicate for each LD muscle and the results were obtained to determine an average value.
The centrifugation loss was measured at d 1 of storage as described by Trout (1988) . Fifteen grams of minced meat were put into a 35-mL test tube and centrifuged at 40,000 × g for 10 min at room temperature. The meat was weighed after the liquid in the tube was removed. The percentage of weight loss was recorded as a centrifugation loss. It was conducted in triplicate for each LD muscle and the results were obtained to determine an average value.
Protein Solubility
A method proposed by Joo et al. (1999) was used to detect the solubility of the myofibrillar, sarcoplasmic, and total proteins at d 1, 3, and 5 of storage. One gram of meat was minced and homogenized with 10 mL of refrigerated 0.025 M potassium phosphate buffer (pH 7.2) at 130 × g at 4°C for 20 s by a T-25 digital Ultra-Turrax (IKA GmbH, Staufen, Germany) to measure the solubility of sarcoplasmic proteins. The homogenate was left on a shaker at 4°C overnight and then centrifuged at 1,500 × g at 4°C for 20 min. The Biuret method was used to measure protein contents in the supernatant (Gornall et al., 1949) . The solubility of total proteins was determined by the same procedures as described above besides that the buffer was changed into 20 mL of refrigerated 1.1 M potassium iodide in 0.1 M phosphate buffer (pH 7.2). The solubility was expressed as milligrams of protein per gram of meat and the solubility of myofibrillar proteins were determined by difference between total and sarcoplasmic protein solubility. The solubility of each protein was measured in triplicate for each LD muscle and the results were obtained to determine an average value.
Protein Oxidation
Myofibrillar protein oxidation at d 1, 3, and 5 of storage was determined as described by Zhang et al. (2011) . The protein carbonyl content was measured to represent the extent of myofibrillar protein oxidation by 2,4-dinitrophenylhydrazine (DNPH) method. One gram of meat was homogenized with 10 mL pyrophosphate buffer (2 mM Na-4 P 2 O 7 , 10 mM Trizma-maleate [Aladdin Industrial Corp., Shanghai, China], 100 mM KCl, 2 mM MgCl 2 , and 2 mM ethylene glycol tetraacetic acid, pH 7.4) by a homogenizer in an ice bath. Two equal parts of homogenate (2 mL) were put into 2 tubes separately and both added in 2 mL of 20% (wt/vol) trichloroacetic acid (TCA). Then, the mixture was centrifuged at 12,000 × g at 4°C for 5 min. The precipitate was collected, mixed with 2 mL of 10% (wt/vol) TCA, and centrifuged again by the same procedures mentioned above. One precipitate was mixed with 2 mL of 2 M HCl as a control and the second one was mixed with 2 mL of 10 mM DNPH solubilized in 2 M HCl as treatment. The mixture was put in the dark at room temperature for 30 min and vortex mixed for 10 s every 10 min. Then, 2 mL of 20% (wt/vol) TCA were added into each tube, mixed, and centrifuged at 12,000 × g at 4°C for 5 min. The precipitate was washed using 5 mL of 10 mM HCl dissolved in 1:1 (vol/vol) ethanol:ethyl acetate by centrifugation at 12,000 × g at 4°C for 5 min. This step was repeated 3 times. The precipitate was retained, dissolved by 8 mL of 6 M guanidine hydrochloride in 20 mM potassium dihydrogen phosphate (pH 2.3), and incubated at 4°C overnight. The solution was centrifuged again at 12,000 × g at 4°C for 5 min the next day and the absorbance of supernatant was measured at 370 nm by a UV-2450 UV-visible spectrophotometer (Shimadzu Corp., Kyoto, Japan). The absorbance of control was subtracted from their corresponding treatment. The myofibrillar protein oxidation was expressed as nanomoles of carbonyl content per milligram of protein. This experiment was performed in triplicate for each LD muscle and the results were obtained to determine an average value.
Sodium Dodecyl Sulfate PAGE and Western Blotting
Half a gram of meat was lysed in 3.6 mL lysis buffer (10 mM sodium phosphate buffer and 0.2% SDS [wt/ vol], pH 7.0; Lonergan et al., 2001 ) and the solution was centrifuged at 10,000 × g at 4°C for 10 min. The supernatant was collected and its concentration was measured using a BCA Protein Assay kit (Thermo Fisher Scientific, Inc., Rockford, IL; Smith et al., 1985) . The final concentration was adjusted to 10 μg/μL with lysis buffer. One volume of each diluted sample was combined with 0.95 volume of tracking dye solution, which was prepared referring to Zhang et al. (2006) , and 0.05 volume of β-mercaptoethanol with the ultimate concentration to 5 μg/μL. The ultimate protein samples were heated at 50°C for 20 min and finally stored at -80°C.
The ultimate protein samples were separated using SDS-PAGE with 10% (for μ-calpain) and 12.5% (for desmin, integrin, and troponin T) polyacrylamide separating gels 05% tween-20 [vol/vol] ) for 2 h under room temperature. The membranes were further incubated in corresponding primary antibodies at 4°C overnight followed by being washed 3 times (10 min for each time) using TBST. The primary antibodies for desmin (monoclonal anti-desmin antibody produced in mouse, JLT-12; Sigma-Aldrich, Inc., Santa Clara, CA) and troponin T (monoclonal anti-Troponin T antibody produced in mouse, T6277; Sigma-Aldrich, Inc.) were diluted 1:500 in TBST. The integrin primary antibody (monoclonal antiintegrin β1 antibody produced in mouse, JB1B; Abcam, Inc., Cambridge, UK) was diluted 1:5,000 in TBST. The μ-calpain primary antibody (monoclonal anti-μ-calpain antibody, MA3-940; Affinity Bioreagents, Inc., Golden, CO) was diluted 1:10,000 in TBST. The secondary antibodies for these 4 proteins were diluted 1:5,000 in TBST. After incubation with secondary antibody for 2 h, the membranes were washed 3 times with TBST. Finally, the membranes were treated by Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Inc.; Mattson and Bellehumeur, 1996) and detected using an ImageQuant LAS 4000 imaging analyzer (GE Co., Ltd., Fairfield, CT).
The Quantity One software (Bio-Rad Laboratories, Inc., Hercules, CA) was used to calculate the intensity of the integrin degradation bands, intact desmin, and troponin T bands and 80 and 76 kDa calpain bands. The intensity of standard bands was also calculated. The intensity of all bands was divided by the intensity of the standard band on each gel. The obtained ratio was used for statistical analysis.
Statistical Analysis
Within each meat type (PSE and RFN), 8 LD muscles were chosen randomly as 8 replications. All data were analyzed by 1-way analysis of variance using SAS statistical software (version 8.1; SAS Inst. Inc., Cary, NC). Differences among mean values were compared by Duncan's multiple range test. Significant differences were considered at P < 0.05 and P < 0.01.
RESULTS AND DISCUSSION
pH, Color, and Water Holding Capacity in Pale, Soft, and Exudative and Red, Firm, and Nonexudative Pork As shown in Table 1 , pH at 1 and 24 h PM from PSE samples was lower than that from RFN samples (P < 0.05). Rapid pH decline in PSE pork was considered to be associated with low calpain activity and high drip loss (Barbut et al., 2008) . As for lightness, PSE pork showed greater L* value at 1 and 24 h PM and 1, 3, and 5 d of storage (P < 0.01). It is well known that low pH increases light scattering leading to pale color whereas high pH could allow light to transmit into the deep portion of meat leading to dark color (Swatland, 2008) .
The centrifugation loss of PSE pork was much greater than that from RFN samples at d 1 (P < 0.01; Table 2 ). Similar to centrifugation loss, PSE pork samples showed greater cumulative drip loss for d 0 to 1, d 0 to 3, and d 0 to 5 (P < 0.05; Table 2 ). The high levels of drip loss and centrifugation loss from PSE samples could be explained by its low ultimate pH and protein solubility (Joo et al., 1999) . In our study, the lower pH at 1 and 24 h, greater degree of lightness, and lower WHC indicate the occurrence of PSE from selected pork samples.
Protein Solubility in Pale, Soft, and Exudative and Red, Firm, and Nonexudative Pork Table 3 shows the solubility of myofibrillar, sarcoplasmic, and total proteins at d 1, 3, and 5 of storage in RFN and PSE pork. Compared to RFN samples, PSE samples showed lower solubility in sarcoplasmic and total proteins at d 1, 3, and 5 (P < 0.05). As for myofibrillar proteins, lower solubility was detected in PSE pork after 3 and 5 d of storage compared with RFN samples (P < 0.05). However, no difference was found about myofibrillar protein solubility at d 1 between PSE and RFN pork (P > 0.05). Joo et al. (1999) suggested that high sarcoplasmic protein solubility was accompanied by low lightness, low drip loss, and high ultimate pH, which was consistent with current results. Similarly, Choi et al. (2010) reported that total protein solubility decreased with increasing lightness and drip loss. The decreased solubility in PSE samples could be caused by the lower pH, which leads to higher degree of protein denaturation (Choi et al., 2010) . Protein denaturation in turn results in lower protein solubility. Low myofibrillar protein solubility in PSE samples can be partly resulted from the coverage of denatured sarcoplasmic proteins on the myofibril (Bendall and Wismer-Pedersen, 1962) .
Protein Oxidation in Pale, Soft, and Exudative and Red, Firm, and Nonexudative Pork
Due to decreased ability in maintaining antioxidant system of muscle after slaughter,, more reactive oxygen species may accumulate in muscle cells during PM aging. These reactive oxygen species may lead to the oxidative modification of muscle proteins (Astruc et al., 2007) . Preslaughter stress can increase the production of reactive oxygen species, promote protein oxidation, and accelerate the rate of pH decline PM and finally contribute to the occurrence of PSE pork (Zhang et al., 2011) . Calpain activity can be inactivated in the oxidizing environment PM, which may result in inhibition of the degradation of key cytoskeletal proteins (Carlin et al., 2006) . However, no difference was found for carbonyl content of myofibrillar proteins between PSE and RFN pork in current study (P > 0.05; Table 4 ). This indicates that myofibrillar protein oxidation may not play a significant role on the development of PSE pork in our study.
Protein Degradation
Desmin is an intermediate filament protein that is considered to be an important role in connecting myofibrillar and maintaining the orderliness and the integrity of muscle cells (Paulin and Li, 2004; Huff-Lonergan et al., 2010) . High levels of desmin degradation were reported to be associated with less degree of drip loss in pork during PM aging (Zhang et al., 2006; Bee et al., 2007) . The intensity of intact desmin in PSE pork was greater than that from RFN samples after 3 and 5 d of chilled storage (P < 0.05; Table 5, Figure 1a ). More intact desmin may transfer the shrinkage of myofibril to muscle cells and whole muscle to increase the drip loss (Huff- . Rapid pH decline was considered to be closely linked to the decrease of desmin degradation . Similar to desmin, more intact troponin T 2 was shown in PSE pork after 3 and 5 d of aging and more troponin T 1 after 5 d of aging (P < 0.05; Table 5, Figure 1c ). Unlike desmin, degradation of troponin T may not play a significant role in regulation of the structure of pork. However, it is an index for the activation of calpain since troponin T is known to be a sensitive substrate for calpain in PM muscle (Olson et al., 1977) . In contrast to desmin and troponin T, more degradation of integrin was detected in PSE pork at d 1 compared to RFN samples (P < 0.05; Table 5 ). As a cell adhesion molecule, integrin plays an important role in mediating cell-cell and cell-extracellular matrix interactions (Hynes, 1992) . Degradation of integrin may contribute to the formation of drip channels between muscle cell and membrane (Lawson, 2004) . More degradation of integrin can be associated with higher levels of drip loss (Zhang et al., 2006) . Pfaff et al. (1999) indicated that all integrin β cytoplasmic domains could be cleaved by m-calpain, while Lawson (2004) declared that inhibition of cysteine proteases could also restrain the degradation of β1-integrin. No exact evidence can prove that m-calpain is the dominating enzyme in the process of integrin degradation in PM muscles. Several reports have shown that μ-calpain may be not involved in the degradation of integrin in PM pork (Lawson, 2004; Zhang et al., 2006) . More studies need to be conducted to determine which enzyme is responsible for the integrin degradation in pork during PM aging.
μ-Calpain Activation
The calpain system is the key factor to regulate the protein degradation and govern the quality changes of fresh meat during the PM aging (Huff-Lonergan et al., 1996; Zhang et al., 2006) . μ-Calpain is believed to be responsible for the degradation of myofibril proteins and its autolysis is usually used as the indicator for the history of its activation in PM muscle (Barbut et al., 2008; Huff-Lonergan et al., 2010) . μ-Calpain autolysis is regulated by intracellular calcium, calpastatin, pH, and ionic strength (Maddock et al., 2005) . The autolysis of μ-calpain is a multistep process changing from 80 kDa calpain to 76 kDa via an immediate 78 kDa (Johnson and Guttmann, 1997) . In current study, PSE pork showed lower intensity of autolyzed 76 kDa product and greater intensity of intact 80 kDa calpain compared to RFN pork (P < 0.01, Table 6, Figure. 2). This indicates that calpain is less activated in PSE pork as evidenced by less degree of autolysis. This result could be explained by the lower pH in PSE pork because μ-calpain is known to have less activity at lower pH in vitro (Maddock et al., 2005; Carlin et al., 2006; Huff-Lonergan et al., 2010) . It is believed that μ-calpain can degrade myofibrillar and cytoskeletal (PSE and RFN) . Ratios were calculated as the intensity of each band over the intensity of the standard band on each gel. One of the protein samples whose band was clear and stable in the trial tests was chosen as the standard sample, which was loaded into each gel as a standard reference. (PSE and RFN) . Ratios were calculated as the intensity of each band over the intensity of the standard band on each gel. One of the protein samples whose band was clear and stable in the trial tests was chosen as the standard sample, which was loaded into each gel as a standard reference. The first band of intact troponin T was marked as intact troponin T 1, and the second one was marked as intact troponin T 2.
proteins such as desmin, troponin T, titin, nebulin, and filamin in PM muscle, which play significant roles in maintaining muscle integrity (Huff-Lonergan et al., 1996) . Increased degradation of key myofibrillar and cytoskeletal proteins can prevent the shrinkage of myofibril from being effectively transferred to the entire cell and retain more moisture inside the muscle tissue (Melody et al., 2004) . Less μ-calpain activity could lead to decreased degradation of key myofibrillar and cytoskeletal proteins, which was in accordance with the results in this study (Huff-Lonergan et al., 1996; Kim et al., 2010) . Therefore, reduced activation of μ-calpain could lead to higher drip loss and lower WHC. Appropriate regulation of μ-calpain activation would improve the WHC of pork and reduce the occurrence of PSE pork.
Implications
The current study shows that PSE pork has decreased μ-calpain activity and less degree of protein degradation compared to RFN pork during postmortem aging. These biochemical factors could further contribute to the lower WHC of PSE pork during postmortem storage. Therefore, implementation of preslaughter management and postmortem treatment to improve μ-calpain activation and protein degradation could benefit the WHC of pork during postmortem aging. Figure 2 . μ-Calpain activity of pale, soft, and exudative (PSE) and red, firm, and nonexudative (RFN) samples during postmortem storage. One of the protein samples whose band was clear and stable in the trial tests was chosen as the standard sample, which was loaded into each gel as a standard reference. Each lane was loaded with 60 μg of total proteins. Lane 5 was the standard lane. The bands of RFN calpain at d 1 and 5 of storage were on lane 3 and 1, respectively, and the bands of PSE calpain at d 1 and 5 of storage were on lane 4 and 2, respectively.
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